Abstract: We review the current status of the data on neutrino masses and lepton mixing and the prospects for measuring the CP-violating phases in the lepton sector. The possible connection between low energy CP violation encoded in the Dirac and Majorana phases of the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix and successful leptogenesis is emphasized in the context of seesaw extensions of the Standard Model with a flavor symmetry G f (and CP symmetry).
Introduction: the three-neutrino mixing scheme
The last 19 years witnessed remarkable discoveries in the field of neutrino physics, which point towards new and yet unknown physics beyond the Standard Model (SM). The solar and atmospheric neutrino experiments and the experiments with reactor and accelerator neutrinos have provided irrefutable proofs of neutrino oscillations [1] [2] [3] -transitions in flight -between the different flavor neutrinos ν e , ν µ , ν τ (antineutrinosν e ,ν µ ,ν τ ) caused by nonzero neutrino masses and lepton mixing (see, e.g., [4] for a review of the relevant data). The experimental discovery of oscillations of atmospheric muon neutrinos and antineutrinos and of the flavor conversion of solar (electron) neutrinos led to the 2015 Nobel Prize for Physics awarded to Takaaki Kajita [5] (from the SuperKamiokande Collaboration) and Arthur B. McDonald [6] (from the SNO Collaboration). The existence of flavor neutrino oscillations implies the presence of mixing in the lepton weak charged current (CC), namely
where ν Lα is the flavor neutrino field, ν jL is the left-handed (LH) component of the field of the neutrino ν j having a mass m j , and U PMNS is a unitary matrix -the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [1] [2] [3] , U PMNS ≡ U ν .
a All well established statistically significant data on neutrino oscillations can be described within the three-neutrino mixing scheme, n = 3. The number of neutrinos with definite mass can, in general, be bigger than three if, e.g., there exist righthanded (RH) neutrinos [3] and they mix effectively (via Majorana and Dirac mass terms) with the LH flavor neutrinos. It follows from the current data that at least three of the neutrinos with definite mass ν j , say ν 1 , ν 2 , ν 3 , must be light, with m 1,2,3 ∼ < 1 eV, and must have different masses, m 1 = m 2 = m 3 . In what concerns the masses of the possible additional mass-eigenstate neutrinos, ν k , k = 4, 5, . . . , there are a number of different possibilities and we refer the reader to the discussions in other chapters of this review [7] [8] [9] . In the case of three light neutrinos, n = 3, the three-by-three unitary lepton mixing matrix U ν can be parametrized, as is well known, by three angles and one Dirac phase for Dirac neutrinos, and with two additional Majorana phases in case neutrinos are Majorana particles [15] , that is
a We work here in a basis where all the lepton mixing originates from the neutrino sector, unless stated otherwise. b At present there are several experimental inconclusive indications for the existence of one or two light RH neutrinos at the eV scale, which mix with the flavor neutrinos, implying the presence of one or two additional neutrinos, ν 4 or ν 4,5 , with masses m 4 (m 4,5 ) ∼ 1 eV (see, e.g., [4] ). For a discussion of the current status of these indications, of their upcoming tests and of the related implications see, e.g., [10] [11] [12] [13] [14] .
where α and β are the two Majorana phases, α, β ∈ [0, π), and 
In Eq. (3), c ij = cos θ ij , s ij = sin θ ij , the angles θ ij ∈ [0, π/2), and δ ∈ [0, 2π) is the Dirac phase. Thus, if ν j are Dirac particles, the PMNS mixing matrix is similar, in both the number of mixing angles and CP phases, to the quark mixing matrix. U ν contains two additional physical CP phases, if ν j are Majorana fermions due to the special properties of Majorana particles (see, e.g., [15] [16] [17] ). On the basis of the currently existing neutrino data it is impossible to determine the nature -Dirac or Majorana -of the neutrinos with definite mass ν j .
The neutrino oscillation probabilities are functions of the neutrino energy, E, of the source-detector distance L, of the elements of U ν and, for relativistic neutrinos used in all neutrino experiments performed so far, of the neutrino mass squared differences ∆m 2 ij ≡ m 2 i − m 2 j , i = j (see, e.g., [4, 16] ). In the three-neutrino mixing scheme, there are only two independent ∆m 2 ij , say ∆m , represent the parameters which drive the solar (ν e ) and the dominant atmospheric (ν µ andν µ ) oscillations, respectively, and θ 13 is associated with the smallest mixing angle in the PMNS mixing matrix. The existing data allows a determination of θ 12 , ∆m 2 21 , and θ 23 , |∆m 2 31(32) | and θ 13 , with a few percent precision [18] [19] [20] . The best fit value (bfv) and the 3 σ allowed ranges of ∆m 
where the value (the value in brackets) corresponds to ∆m Notice also that the atmospheric mixing angle can be maximal, θ 23 = π/4, within the 3 σ interval. In contrast, the value of θ 12 = π/4, i.e., maximal solar neutrino mixing, is definitely ruled out by the data. Thus, one has θ 12 < π/4 and at 99.73% CL, cos 2θ 12 ≥ 0.29. The quoted results imply also that the pattern of lepton mixing differs drastically from the pattern of quark mixing.
Starting from 2013 there are also persistent hints in the neutrino oscillation data that the value of the Dirac phase δ ≈ 3π/2 (see, e.g., [21, 22] ).
c In the two recent analyses [18, 19] the authors find for the bfv of δ, respectively, δ = 1.38π (δ = 1.31π) and δ = 1.45π (δ = 1.54π) in the case of ∆m 2 31(32) > 0 (∆m 2 31(32) < 0). According to the results in [18] the CP-conserving value δ = 0 is disfavored at 2.4 σ (at 3.2 σ) for ∆m 2 31(32) > 0 (∆m 2 31(32) < 0), while the maximal CP-violating value δ = π/2 is ruled out at 3.4 σ (at 3.9 σ). The second CP-conserving value δ = π is statistically about 2.0 σ away from the bfv δ = 1.38π (see, e.g., figure 1 in [18] ). The hint that δ ≈ 3π/2 is strengthened by the results of the NOνA neutrino oscillation experiment [26, 27] . The relatively large value of sin θ 13 ≈ 0.15, measured in the Daya Bay [28] [29] [30] [31] , RENO [32] [33] [34] and Double Chooz [35] [36] [37] experiments, combined with the value of δ ≈ 3π/2 has far-reaching implications for the searches for CP violation in neutrino oscillations (see discussion in Sec. 2).
As we have noted, the sign of ∆m 2 31(32) cannot be determined from the existing data. In the three-neutrino mixing scheme, the two possible signs of ∆m 2 31(32) correspond to two types of neutrino mass spectrum. In the convention of numbering of neutrinos ν j employed by us, the two spectra read: i) spectrum with normal ordering (NO): m 1 < m 2 < m 3 , i.e., ∆m . Depending on the values of the lightest neutrino mass, the neutrino mass spectrum can be further distinguished:
All three types of spectra are compatible with the constraints on the absolute scale of neutrino masses. Determining the type of neutrino mass spectrum is one of the main goals of the future experiments in the field of neutrino physics (see, e.g., [4, 38] ). Data on the absolute neutrino mass scale can be obtained, e.g., from measurements of the spectrum of electrons near the endpoint in 3 H β-decay experic Using the T2K data on νµ → νe oscillations, the T2K Collaboration [23, 24] −0.037 ). Thus, the bfv of sin 2 2θ 13 obtained in the T2K experiment for δ = 0 was approximately a factor of 1.6 (1.9) bigger than that measured in the Daya Bay experiment [25] : sin 2 2θ 13 = 0.090 +0.008 −0.009 . The compatibility of the results of the two experiments on sin 2 2θ 13 required, in particular, that δ = 0, which led to the hint that δ ≈ 3π/2 in the analyses [21] [22] [23] of the neutrino oscillation data. d For a review of the experiments which can provide data on the type of neutrino mass spectrum see, e.g., [38] . For some specific proposals see, e.g., [39] [40] [41] .
ments [42] [43] [44] [45] [46] and from cosmological and astrophysical observations [47] . The most stringent upper bound on theν e mass was reported by the Troitzk experiment [46] mν e < 2.05 eV at 95% CL .
A similar result was obtained in the Mainz experiment [44] : mν e < 2.3 eV at 95% CL. We have mν e ≈ m 1,2,3 in the case of QD spectrum. The upcoming KATRIN experiment [45, 48] is designed to reach a sensitivity of mν e = 0.20 eV, i.e., to probe the region of the QD spectrum.
Constraints on the sum of the neutrino masses can be obtained from cosmological and astrophysical data [47] . Depending on the complexity of the underlying model and the input data used one typically obtains
Assuming the existence of three light massive neutrinos and the validity of the Λ CDM (Cold Dark Matter) model, and using data on the Cosmic Microwave Background (CMB) temperature power spectrum anisotropies, on gravitational lensing effects and the low CMB polarization spectrum data (the "low P" data), the Planck Collaboration [49] reported the updated upper limit: j m j < 0.57 eV, at 95% CL. Adding supernovae (SN) light-curve data and data on the Baryon Acoustic Oscillations (BAO) strengthens the limit to e j m j < 0.153 eV at 95% CL .
Understanding the origin of the observed pattern of lepton mixing, establishing the status of the CP symmetry in the lepton sector, determining the type of spectrum the neutrino masses obey and determining the nature -Dirac or Majoranaof massive neutrinos, are among the highest priority goals of the program of future research in neutrino physics (see, e.g., [4, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] ). The principal goal is to reveal at a fundamental level the mechanism giving rise to neutrino masses and lepton mixing.
Observables related to low energy CP violation in the lepton sector
Apart from the hint that the Dirac phase δ ≈ 3π/2, no other experimental information on the CP phases in the lepton sector is available at present. Thus, the status of CP symmetry in the lepton sector is essentially unknown. The determination of the Dirac and Majorana phases might shed further light on the organizing principles in the lepton (and possibly the quark) sector(s) (see discussion in Sec. 4).
e Result quoted in wiki.cosmos.esa.int/planckpla2015, page 311.
Dirac CP violation
Taking into account that the reactor mixing angle is not so small, θ 13 ≈ 0.15, a non-zero value of the Dirac phase δ can generate CP-violating effects in neutrino oscillations [15, 60, 61] , i.e., a difference between the probabilities of the ν α → ν β andν α →ν β oscillations, α = β. A measure of CP violation is provided, e.g., by the asymmetries
The magnitude of CP-violating effects in neutrino oscillations in the three-neutrino mixing scheme is controlled, as is well known [62] , by the rephasing invariant J CP associated with the Dirac phase δ,
with
The factor J CP in the expressions for A (α,β) CP is analogous to the rephasing invariant associated with the Dirac phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix, introduced in [63] . In the standard parametrization of the PMNS mixing matrix given in Eq. (2) and Eq. (3), J CP has the form J CP = 1 8 cos θ 13 sin 2θ 12 sin 2θ 23 sin 2θ 13 sin δ .
As we discussed, the existing neutrino oscillation data has allowed the determination of the mixing angles θ 12 , θ 23 and θ 13 with a few to several percent precision. The size of CP-violating effects in neutrino oscillations is still unknown, because the precise value of the Dirac phase δ is currently unknown. The current data implies that in the case of NO (IO) neutrino mass spectrum
where we have used the 3 σ ranges of sin 2 θ 12 , sin 2 θ 23 and sin 2 θ 13 given in Eq. (4).
For the bfv of sin 2 θ 12 , sin 2 θ 23 , sin 2 θ 13 and δ found in [18] we get for ∆m The search for CP-violating effects from the Dirac phase in neutrino oscillations is one of the principal goals of the future experimental studies in neutrino physics (see, e.g., [24, 26, 27, [51] [52] [53] [54] [55] 64] ). In order for the CP-violating effects in neutrino oscillations to be observable, both sin(∆m L/(2E) ≈ 1 for L ≈ 1000 km. Thus, the possibility to observe CP violation in neutrino oscillations requires the experiments to have long baselines. The MINOS, T2K and NOνA experiments, for example, which provide data on ν µ oscillations (see, e.g., [4] and references therein), have baselines of approximately 735 km, 295 km and 810 km, respectively. The planned DUNE [51] [52] [53] and T2HK [54, 55, 65] experiments, which are designed to search for CP violation effects in neutrino oscillations, will have baselines of 1300 km and 295 km, respectively.
Thus, in MINOS, T2K, NOνA and in the future planned experiments DUNE and T2HK, the baselines are such that the neutrinos travel relatively long distances in the matter of the Earth mantle. As is well known, the pattern of neutrino oscillations can be changed significantly by the presence of matter [66, 67] (see also [68] ) due to the coherent (forward) scattering of neutrinos on the "background" of electrons (e − ), protons (p) and neutrons (n) present in matter. The scattering generates an effective potential V eff in the neutrino Hamiltonian: H = H vac + V eff , which modifies the vacuum lepton mixing angles, since the eigenstates and eigenvalues of H vac and of H differ. This leads to different oscillation probabilities compared with oscillations in vacuum. The matter in the Earth (and the Sun) is not charge conjugation (C-) symmetric, since it contains only e − , p and n but does not contain their antiparticles. As a consequence, the oscillations taking place in the Earth are neither CP-nor CPT-invariant [69] . This complicates the studies of CP violation due to the Dirac phase δ in long baseline neutrino oscillation experiments.
In the constant density approximation and keeping terms up to second order in the two small parameters |∆m 1 and sin 2 θ 13 1, the expression for the ν µ → ν e oscillation probability in the three-neutrino mixing scheme and for neutrinos crossing the Earth mantle, has the form [70] (see also [71] )
In the previous expression we define
where
G F is the is the (constant) mean density along the given neutrino path in the Earth, was shown to be sufficiently accurate [62, 73, 74] . The expression for the probability ofν µ →ν e oscillation can be obtained formally from that for P 3ν man m (ν µ → ν e ) by making the changes A → −A and J CP → −J CP , with J CP cot δ remaining unchanged.
f If the Dirac phase in the PMNS mixing matrix U ν has a CP-conserving value, we would have P sin δ = 0. However, we would still have that P 3ν man m (ν µ → ν e ) and P 3ν man m (ν µ →ν e ) are unequal due to the Earth matter effects. It is possible, in principle, to experimentally disentangle the effects of the Earth matter and of J CP in the asymmetries for neutrinos crossing the Earth mantle, A (e,µ) man CP , by studying the energy dependence of P 3ν man m (ν µ → ν e ) and P 3ν man m (ν µ →ν e ). This will allow to obtain direct information about Dirac CP violation in the lepton sector and to measure the Dirac phase δ. In the vacuum limit N (ν µ → ν e ) and P 3ν man m (ν µ →ν e ) can be used in the interpretation of the results of MINOS, T2K, NOνA, and of the future planned DUNE and T2HK experiments. For a discussion of the sensitivity of these experiments to δ see, e.g., [24, 26, 27, [51] [52] [53] [54] [55] 64] . If indeed δ ≈ 3π/2, the DUNE and T2HK experiments are foreseen to establish the existence of leptonic Dirac CP violation at ∼ 5 σ.
f For a detailed discussion of the conditions of validity of the analytic expression for P 3ν man m (νµ → νe) quoted above see [70] .
Majorana phases and neutrinoless double beta decay
If neutrinos are massive Majorana particles, the lepton mixing matrix contains two additional Majorana phases [15] , α and β, see Eq. (2). However, getting experimental information about these CP-violating phases is a remarkably difficult problem [75] [76] [77] [78] [79] . In fact, the flavor neutrino oscillation probabilities are insensitive to the CP phases α and β. The Majorana phases play an important role in processes characteristic of the Majorana nature of massive neutrinos.
The massive Majorana neutrinos can mediate processes in which the total lepton number changes by two units, |∆L| = 2, such as
. The rates of these processes are typically proportional to the factor (m j /M (|∆L| = 2)) 2 , M (|∆L| = 2) being the characteristic mass scale of the given process, and thus are typically extremely small. The experimental searches for neutrinoless double beta (0νββ) decay, (A, Z) → (A, Z + 2) + e − + e − , of even-even nuclei, e.g., 48 Ca, 76 Ge, 82 Se, 100 Mo, 116 Cd, 130 Te, 136 Xe, 150 Nd, are unique in reaching a sensitivity that might allow to observe this process, if it is triggered by the exchange of the light neutrinos ν j or new physics beyond the SM (see, e.g., [17, 50, 80, 81] ). The half-life T 0ν 1/2 of an isotope decaying via this process, induced by the exchange of virtual ν 1,2,3 , takes the form (see, e.g., [82] 
where M(A, Z) denotes the nuclear matrix element (NME) for a |∆L| = 2 transition, G 0ν is a phase space factor, m e the electron mass and |m ββ | the 0νββ decay effective Majorana mass. The latter contains all the dependence of T 
with β ≡ β − δ. For the NH, IH and QD neutrino mass spectra, |m ββ | is given by ii) 1.4 × 10 −2 eV ∼ < |m ββ | ∼ < 5.1 × 10 −2 eV in the case of IH spectrum; iii) m QD /3 ∼ < |m ββ | ∼ < m QD , m QD ∼ > 0.10 eV, in the case of QD spectrum. The difference in the ranges of |m ββ | in these three cases opens up the possibility to get information about the type of neutrino mass spectrum from a measurement of |m ββ | [40] . The main features of the predictions for |m ββ | are illustrated in Fig. 1 , where |m ββ | is shown as a function of the lightest neutrino mass m 0 .
The predictions for |m ββ | in the cases of the NO, IO and QD neutrino mass spectra can be drastically modified by the existence of lepton number violating |∆L| = 2 new physics beyond that predicted by the SM: eV or GeV to TeV scale RH neutrinos, etc. (see, e.g., [86] [87] [88] [89] [90] [91] [92] ). There is a potential synergy between the searches for 0νββ decay and the searches for neutrino-related |∆L| = 2 beyond the SM physics at LHC [92] .
The best lower limit on the half-life of 76 Ge, T 76 Ge and 136 Xe. The experiments listed above aim to probe the QD and IO ranges of |m ββ |. If 0νββ decay will be observed in these experiments, the measurement of the 0νββ decay half-life might allow to obtain constraints on the Majorana phase α, see [75, 76, 98, 99] .
Proving that the CP symmetry is violated in the lepton sector due to the Majorana phases α and β ( ) is remarkably challenging [76] [77] [78] : it requires quite accurate measurements of |m ββ | (and of m QD for QD spectrum), and holds only for a limited range of values of the relevant parameters. For sin 2 θ 12 =0.31 in the case of QD spectrum, for example, establishing at 95% CL that the relevant phase α possesses a CP-violating value requires [78] a relative error on the measured value of |m ββ | and m 0 smaller than 15%, a theoretical uncertainty F ∼ < 1.5 in the corresponding NME, and a value of α typically within the ranges of (π/8 ÷ 3π/8) and (5π/8 ÷ 7π/8).
Obtaining quantitative information on the lepton mixing parameters from a measurement of 0νββ decay half-life would be impossible without sufficiently precise knowledge of the corresponding NME of the process.
g At present the variation of the values of the different 0νββ decay NMEs calculated using the various currently employed methods is typically by a factor of two to three. The observation of 0νββ decay of one nucleus is likely to lead to the searches and observation of the decay of other nuclei. The data on the 0νββ decay of several nuclei might help to solve the problem of sufficiently precise calculation of the 0νββ decay NMEs [76] .
An additional source of uncertainty is the effective value of the axial-vector coupling constant g A in 0νββ decay. This constant is renormalized by nuclear medium effects, which tend to quench, i.e., reduce, the vacuum value of g A . The problem of the quenching of g A arose in connection with the efforts to describe theoretically the experimental data on the two-neutrino double beta decay. The physical origin of the quenching is not fully understood, and the size of the quenching of g A in 0νββ decay is subject to debates (for further details see, e.g., [82] ). The importance of the effective value of g A in 0νββ decay stems from the fact that, to a good approximation, the 0νββ decay rate is proportional to the fourth power of g For discussions of the current status of the calculations of the NMEs for 0νββ decay see, e.g., [82] . A possible test of the NME calculations is suggested in [76] and is discussed in greater detail in [100] .
the effective g A .
If the future 0νββ decay experiments show that |m ββ | < 0.01 eV, both the IO and the QD spectrum will be ruled out for massive Majorana neutrinos. If in addition it is established in neutrino oscillation experiments that ∆m 2 31(32) < 0 (IO spectrum), one would be led to conclude that either the massive neutrinos ν j are Dirac fermions, or that ν j are Majorana particles, but there are additional contributions to the 0νββ decay amplitude which interfere destructively with that due to the exchange of ν j . The case of more than one mechanism generating the 0νββ decay is discussed in, e.g., [101, 102] , where the possibility to identify the mechanisms inducing the decay is also analyzed. If, however, ∆m 2 31(32) is determined to be positive, the upper limit |m ββ | < 0.01 eV would be perfectly compatible with massive Majorana neutrinos possessing NH mass spectrum, or NO spectrum with partial hierarchy, and the quest for |m ββ | would still be open [103] .
Type I seesaw mechanism of neutrino mass generation and leptogenesis
It follows from the neutrino data summarized in the previous sections that neutrino masses are much smaller than the masses of the other SM fermions. If we take as an indicative upper limit m i ∼ < 0.5 eV, we have m i /m e ∼ < 10 −6 . It is natural to suppose that the remarkable smallness of neutrino masses is related to the existence of a new fundamental mass scale in particle physics, and thus to new physics beyond that predicted by the SM.
A possible explanation of neutrino masses is provided by the seesaw mechanism of neutrino mass generation. In the type I seesaw realization [104] [105] [106] [107] , the SM is extended with at least two heavy RH neutrinos N a , with P R N a = N a , coupled to the SM leptons via the seesaw Lagrangian
where α ≡ (ν Lα , e Lα ) T is the SM lepton doublet of a given flavor α = e, µ, τ , φ c ≡ φ 
14 GeV. In the early Universe, these RH neutrinos are produced by scattering processes involving SM particles in thermal equilibrium at temperatures T M k . Their out-of-equilibrium decays generate a lepton asymmetry which is partially converted into a non-zero baryon asymmetry by fast sphaleron processes [108] , a mechanism called thermal leptogenesis [109] . A pedagogical discussion of this mechanism is given in [110] .
The cosmological baryon asymmetry Y ∆B can be expressed in terms of the ratio between the net baryon number density and the entropy density of the Universe
where the quoted bfv and 1 σ error are taken from [49] and the subscript "0" refers to the present epoch. If the spectrum of the heavy RH neutrinos N k is hierarchical, with M 1 M 2 M 3 , most of the baryon asymmetry is produced by the out-of-equilibrium decay of the lightest state, N 1 , at temperatures T M 1 , provided the corresponding neutrino Yukawa couplings have sufficiently large CP-violating phases. For M 1 10
13 GeV one has within the SM (see, e.g., [111] )
where 10 −3 η 1 is an efficiency factor which takes into account the washout of the lepton asymmetry [112] by lepton number violating processes occurring in the thermal bath, whereas 1 denotes the total CP asymmetry in N 1 decays.
For a RH neutrino N k decaying into a (given) lepton (of flavor α), the (flavored) CP asymmetry k(α) is defined as
and
where f (x) and g(x) are known loop functions [113] , namely
−2 eV one can have very strong amplification of the baryon asymmetry produced via leptogenesis with respect to the case of m 3 = 0 [116] .
The expression of the baryon asymmetry given in Eq. (21) is modified in the case the RH neutrino mass spectrum is not strongly hierarchical and/or flavor dynamics becomes relevant in leptogenesis [117] [118] [119] [120] , which is the case if M 1 10 12 GeV (see [121] for a detailed discussion of flavor effects in leptogenesis). In general, within the flavored leptogenesis regime, the physical CP phases of the neutrino Yukawa couplings λ αb are not directly related to the CP phases potentially measurable at low energies, i.e. the Dirac phase δ and the two Majorana phases α and β in Eq. (2) and Eq. (3) (see, e.g., [122] [123] [124] [125] [126] ).
However, low energy CP phases may also play a crucial role in having successful leptogenesis in the case when flavor effects are relevant [116, [127] [128] [129] [130] [131] [132] . In fact, one can show that if 10 8 GeV M 1 10 12 GeV, CP violation necessary for successful leptogenesis can be provided entirely by the CP phases in the lepton mixing matrix. In particular, under the assumption that the only source of CP violation in the seesaw Lagrangian in Eq. (18) is given by the Dirac phase δ in the PMNS mixing matrix, the observed value of Y ∆B can be achieved, provided M 1 5 × 10 11 GeV and sin θ 13 | sin δ| 0.09 (|J CP | 0.02) [127, 128] . The predicted lower bound on sin θ 13 (|J CP |) is compatible with current hints of maximal CP violation in neutrino oscillations, i.e. δ ≈ 3π/2. One can also show that even if additional sources of CP violation are introduced in the seesaw Lagrangian, there are large regions of the parameter space, where the observed baryon asymmetry is reproduced, only if we assume non-trivial low energy CP-violating Dirac and/or Majorana phases in the lepton mixing matrix [129, 130] . For example, in the case of 5 × 10 10 GeV M 1 10 12 GeV, IH light neutrino mass spectrum and sin θ 13 cos δ −0.1 a sufficiently large baryon asymmetry is possible, only if the requisite CP violation is provided by the non-trivial Majorana phase α in the lepton mixing matrix, independently of possible high energy CP phases in the seesaw Lagrangian.
A direct connection between low energy CP violation in the lepton sector and the source of CP violation required to have successful leptogenesis in the early Universe is possible in several seesaw scenarios which implement flavor (and CP) symmetries in order to explain the neutrino oscillation data. We will explore in the next section the implications for leptogenesis in some representative scenarios [133] [134] [135] [136] [137] .
Flavor (and CP) symmetries for leptogenesis
In this section we discuss leptogenesis in scenarios with a flavor (and CP) symmetry that can constrain the mixing angles (and CP phases) in the high and low energy sector. We focus on neutrinos being Majorana particles and on the type I seesaw mechanism with three RH neutrinos as the source of light neutrino masses. The decay of RH neutrinos N k leads to the generation of the CP asymmetries k(α) that are converted into the cosmological baryon asymmetry Y ∆B .
It is well-known that flavor (and CP) symmetries are a powerful tool for explaining the measured values of the mixing angles in the lepton sector and for making predictions for the yet-to-be-measured Dirac and Majorana phases. The two central assumptions [138] [139] [140] are that the three generations of leptons form a (irreducible) triplet, α ∼ 3, of a flavor symmetry G f (and CP) and that such symmetry is not broken arbitrarily, but rather to non-trivial residual symmetries G e in the charged lepton and G ν in the neutrino sector, respectively.
We present examples of different scenarios: the baryon asymmetry Y ∆B is either generated via unflavored [133-135, 137, 141-145] Moreover, we briefly highlight the impact of the constraints on Majorana phases on the effective Majorana mass |m ββ |, as discussed in [136, 137, [148] [149] [150] .
Impact of G f (and CP) on lepton mixing parameters
As shown in [151, 152] , maximal atmospheric mixing and θ 13 = 0, the latter by now excluded experimentally to high degree, can be obtained from a light neutrino mass matrix M ν that is invariant under the exchange of its second and third rows and columns in the charged lepton mass basis (M e is diagonal). Thus, the presence of different residual flavor symmetries, i.e. the µ − τ exchange symmetry G ν = Z µτ 2 in the neutrino sector, represented by the three-by-three matrix P µτ that exchanges the second and third (lepton) generation, and the discrete charged lepton flavor symmetry G e = Z 3 (or in its continuous version G e = U (1)), leads to the prediction of two of the three lepton mixing angles. The maximal size of G ν in the case of three generations of Majorana neutrinos is G ν = Z 2 × Z 2 , as shown in [153] , and, if it is realized, also the solar mixing angle θ 12 can be fixed. The most prominent example is tribimaximal (TB) lepton mixing with sin 2 θ 12 = 1/3, proposed in [154, 155] . This mixing pattern can be obtained from the flavor symmetries G f = A 4 , see [156] [157] [158] [159] , and G f = S 4 , see [160] , and their peculiar breaking to G e = Z 3 in the charged lepton and to G ν = Z 2 × Z 2 in the neutrino sector. h Much effort has been made in order to understand the observed values of the lepton mixing angles with the help of flavor symmetries G f and their breaking patterns [161] [162] [163] [164] (for reviews see [165] [166] [167] [168] ). In the most predictive version of this approach, in which all lepton generations are distinguished by the residual symmetries and the maximal symmetry G ν = Z 2 × Z 2 is chosen, the charged lepton mass matrix M e and the light neutrino mass matrix M ν are constrained by
with g e (3) and g ν,i (3) being the generators of G e and G ν , respectively, in the (irreducible) three-dimensional representation 3. In this case the numerical values of all three lepton mixing angles can be explained and the Dirac phase δ is predicted.
The main result of surveys [161] [162] [163] [164] of flavor symmetries G f being subgroups of SU (3) or U (3) is the following: all mixing patterns, that are in accordance with the experimental data at the 3 σ level or better, predict a lower bound on the solar mixing angle, sin 2 θ 12 1/3, as well as CP-conserving values of δ. In less constrained approaches also values of δ different from 0 and π can be obtained [140, 150, [169] [170] [171] [172] [173] .
In view of the recent experimental indications of δ close to 3 π/2 different ways to obtain lepton mixing patterns with such feature have been explored. One very promising approach involves in addition to G f a CP symmetry [174] (see also [175, 176] ). The latter acts in general non-trivially on flavor space [177] and can be represented in the three-dimensional representation 3, under the assumption that CP is an involution, by a CP transformation X(3) which is a unitary and symmetric three-by-three matrix. A prominent example of this type of CP symmetry is the µ − τ reflection symmetry [178] where X(3) = P µτ . Again, we assume that nontrivial residual symmetries are preserved in the charged lepton and neutrino sector, respectively. In the charged lepton mass basis imposing X(3) = P µτ alone on the light neutrino mass matrix M ν , i.e. P µτ M * ν P µτ = M ν , is sufficient for achieving maximal atmospheric mixing, a maximal CP phase δ (δ = π/2 or δ = 3 π/2) and CP-conserving Majorana phases, while the values of θ 13 and θ 12 are not fixed [178] . The number of free parameters in lepton mixing can be reduced to a single real one, if M ν is additionally invariant under a residual flavor symmetry Z 2 [174] . Compared to the previous approach, G e is chosen in the same way, i.e. as a subgroup of G f , and the form of G ν is changed from G ν = Z 2 ×Z 2 to the direct product of a Z 2 subgroup of G f and the CP symmetry, G ν = Z 2 × CP . Consequently, the constraints on M ν read in general
One free real parameter θ is introduced in the lepton mixing pattern, since the residual flavor symmetry in the neutrino sector is reduced from Z 2 × Z 2 to Z 2 h In the case of G f = A 4 , Gν is partly contained in G f and partly accidental, whereas Gν is a subgroup of G f in the case of G f = S 4 .
only. The predictive power regarding CP phases is, however, enhanced, as CP is involved as symmetry, and both Majorana phases are also predicted. Hence, all lepton mixing parameters only depend on θ, that has to be adjusted to a particular value in order to obtain lepton mixing angles in accordance with the experimental data. By now many flavor symmetries G f have been combined with CP and several interesting mixing patterns have been discussed in [148, [179] [180] [181] [182] [183] .
Corrections to this picture such as those arising from renormalization group running and from perturbations of the symmetry breaking pattern strongly depend on the explicit model, e.g. on the light neutrino mass spectrum [184, 185] , whether the theory is supersymmetric or not [156] [157] [158] [159] , which auxiliary symmetries are present in the model. They are assumed to have a small impact on lepton mixing parameters.
Throughout the analyses focussing on lepton mixing patterns the mechanism that generates light neutrino masses is not specified [138] [139] [140] 174] . However, these approaches can be combined with various generation mechanisms for light neutrino masses. In particular, they can be implemented in scenarios with the type I seesaw mechanism. The RH neutrinos N a in Eq. (18) In the scenarios we discuss here, we focus on the first [135, 137] and the third possibility [134, 136] . The second possibility can also be very interesting, if resonant leptogenesis is the mechanism generating Y ∆B [8] .
Predictions for leptogenesis
We first make some general observations regarding the size of the CP asymmetries k(α) and their phase dependence. Then, we discuss examples for flavored [136] as well as unflavored leptogenesis [134, 135, 137] in scenarios with flavor symmetries G f [134, 135] as well as in scenarios with flavor and CP symmetries [136, 137] and under the assumption of different residual symmetries G e and G ν . For concreteness, we consider non-supersymmetric theories. However, all results can be easily adapted to supersymmetric models. Moreover, we focus on scenarios in which RH neutrino masses are not degenerate and hence results may differ for resonant leptogenesis.
General observations
First, we discuss the case in which LH leptons and RH neutrinos form irreducible triplets 3 of a flavor group G f (and there might or might not be a CP symmetry present), since this is the most common situation for non-abelian G f .
i The Dirac neutrino mass matrix m D can be expanded, like all other mass matrices, in terms of the (small, positive) flavor (and CP) symmetry breaking parameter κ
Typically κ is of order 10
In the limit κ → 0 this combination is diagonal in flavor space, since the first term on the right-hand side in Eq. (28) is proportional to the identity matrix. Hence, the CP asymmetries vanish for unflavored as well as flavored leptogenesis. Once corrections δm D ∼ O(κ v) are included, we find in general for unflavored leptogenesis
and for flavored leptogenesis
Realizations with specific flavor symmetries can be found in [137, 143] . Note that the combinationm † Dm D does not depend, up to order κ, on the phases present in
† δm D is symmetric (for further options see [137] ), since in this case the second and third term on the right-hand side in Eq. (28) are complex conjugated to each other.
If a Z 2 symmetry determines the relevant structure of m D , either because it is a factor of the abelian flavor symmetry G f or m 0 D vanishes and the leading term is given by δm D , invariant under Z 2 only, the CP asymmetries k(α) do not vanish and are in general not suppressed by a small parameter [134, 136] .
If the theory possesses a CP symmetry that is left intact in the neutrino sector, it is true that the CP asymmetries k vanish in the case of unflavored leptogenesis, but kα can be non-zero and thus flavored leptogenesis can explain the baryon asymmetry Y ∆B . A proof of this statement can straightforwardly be obtained by observing that the two conditions 
i For the reader interested in other cases we refer to [143] .
where Ω is unitary and determined by X(3), X(3) = Ω Ω T , O D,R are three-by-three rotation matrices, m
contains the RH neutrino masses M k as diagonal entries and K R is a diagonal matrix with ±1 and ±i, accounting for the CP parities of the RH neutrinos. Consequently, the application of
shows that the off-diagonal elements ofm † Dm D can at most carry a factor ±i arising from K R . Similar observations are also reported in [146] .
We exemplify these different situations in the following with well-known examples taken from the literature [134] [135] [136] [137] .
Leptogenesis in scenarios with flavor symmetries
We present examples which show the predictive power of different types of flavor and residual symmetries with regard to the CP asymmetries k .
Case of residual symmetry Z 2 in neutrino sector. We consider an example with µ − τ exchange symmetry among neutrinos [151, 152] and charged leptons invariant under a discrete or continuous charged lepton flavor symmetry. In [133] the results for unflavored leptogenesis have been studied for a strongly hierarchical RH neutrino mass spectrum and with two or three RH neutrinos. It has been shown that for two RH neutrinos the CP asymmetry 1 vanishes in the limit of exact µ − τ exchange symmetry, while for three RH neutrinos a non-zero CP asymmetry is obtained. The latter result has also been found in [134, 141] . For M 1 M 2,3 it is known that the CP asymmetry 1 , arising from the decay of the lightest RH neutrino N 1 , can be written as
Here we have approximated the loop function f (x) in Eq. (24) for strongly hierarchical RH neutrino masses. The R matrix of the Casas-Ibarra parametrization [186] is defined as
in the charged lepton mass basis. If the neutrino sector is invariant under µ − τ exchange symmetry, i.e. both, m D and M N , are invariant under the application of P µτ , the R matrix has block structure with R 13 = R 23 = R 31 = R 32 = 0. Then, 1 is proportional to the solar mass squared difference only [134] 
with z being the complex angle parametrizing the R matrix. Since vanishing reactor mixing angle θ 13 is experimentally excluded to high degree, µ−τ exchange symmetry cannot be exact in the charged lepton mass basis. An example in which µ − τ exchange symmetry is broken in the RH neutrino sector is provided in [134] . The element R 13 of the R matrix then becomes proportional to θ 13 , R 13 ∝ θ 13 , and thus the CP asymmetry 1 can be cast into the form
with c 1,2 depending on, e.g., the elements R ij with i, j = 1, 2 of the R matrix. For figures of Y ∆B in different scenarios with µ − τ exchange symmetry in the neutrino sector see [134, 141] .
Case of residual symmetry Z 2 × Z 2 in neutrino sector. We discuss results for a model with G f = A 4 that leads to TB lepton mixing [158] . This model is originally formulated in a supersymmetric context. However, this does not have an impact on the relation of the CP asymmetries k to the low energy CP phases. 
In addition, they only depend on two complex parameters. They, hence, fulfill the following light neutrino mass sum rule involving the Majorana phases α and β
Consequently, the mass spectra of light and heavy neutrinos are non-hierarchical and can have both orderings. In turn, all three RH neutrinos contribute to the generation of Y ∆B . The off-diagonal elements ofm † Dm D vanish at leading order and hence also the CP asymmetries k(α) .
In explicit models, however, the form of m D and M N as well as M e receives corrections at the subleading level which break the residual symmetries G ν and G e , respectively. In the particular 
Including δm D when computing k in the case of unflavored leptogenesis, we find [135] 1 ∝ κ
and similar results for 2 and 3 . This shows that the CP asymmetries crucially depend on the two Majorana phases α and β and, since the matrix (m 0 D ) † δm D is symmetric, the imaginary parts of the parameters y 1,2 of the correction do not enter at O(κ 2 ). f (x) is the loop function in Eq. (24) and its argument can be written in terms of light neutrino masses with the help of Eq. (38) . The corrections to the mass matrices affect in general also the predictions for lepton mixing. However, since κ is small, these corrections only have a minor impact [158] .
In order to compute Y ∆B the efficiency factors η ij have to be taken into account [135] . In this type of model RH neutrinos couple at leading order to orthogonal linear combinations of lepton flavors and thus the contributions Y ∆B,k from the decay of the three different RH neutrinos N k to Y ∆B can be summed incoherently. For figures of Y ∆B see [135] .
Leptogenesis in scenarios with flavor and CP symmetries
As has been argued, imposing a CP symmetry in addition to a flavor symmetry increases the predictive power of the approaches regarding CP phases so that it can become possible to correlate the sign of Y ∆B with the low energy CP phases. We exemplify this in the following with the help of two concrete scenarios taken from [136, 137] .
Case of residual CP symmetry in neutrino sector. We discuss a setup [136] in which the charged lepton mass matrix is diagonal due to the choice of G e and M ν is constrained by µ − τ reflection symmetry [178] , X(3) = P µτ . In particular, the Majorana mass matrix M N of the RH neutrinos and the Dirac neutrino mass matrix m D , both are invariant under µ − τ reflection symmetry. As already shown above for a general CP symmetry, preserved in the neutrino sector, the CP asymmetries k vanish in the case of unflavored leptogenesis. This observation has also been made in [145] . In contrast, kα are normally non-zero. Thus, we consider in the following RH neutrinos with masses below 10 12 GeV so that flavor effects become relevant when computing the CP asymmetries.
We note that from
together with Eq. (32) the following relation can be derived form D
R being a diagonal matrix with entries ±1.
Assuming that RH neutrinos are strongly hierarchical, M 1 M 2,3 , we only consider the CP asymmetries 1α , generated in the decay of the RH neutrino N 1 . In order to evaluate the expression in Eq. (22) for 1α we use Eq. (43), taking into account all possible choices for K 2 R . We find that
in general. This leads to vanishing 1 , as expected. Since 1µ and 1τ have opposite sign, but equal magnitude, Y ∆B can only be explained, if we consider the regime in which the τ flavor alone can be distinguished by its fast Yukawa interaction in the primordial plasma. This leads to 10 9 GeV as lower bound on the RH neutrino masses.
The source of CP violation that leads to non-vanishing CP asymmetries 1µ and 1τ can be traced back to the maximal Dirac phase δ. In order to see this consider
Furthermore, we note that the R matrix fulfills
with K ν encoding the CP parities of the light neutrinos. Thus, K 2 ν is a diagonal matrix with entries ±1. This equation can be derived using Eq. (43) together with the constrained form of U ν . Given Eq. (47) the elements of the R matrix can only be real or imaginary, i.e. R can be written as
with R (0) being a real matrix. Plugging this information in Eq. (46), one can see that 1τ (and hence also 1µ ) is proportional to the Jarlskog invariant J CP [63] and is consequently sourced from the low energy CP phase δ, that is maximal.
In Fig. 2 results for the magnitude of Y ∆B , normalized to the experimentally observed value, versus the element R 12 of the R matrix are shown for neutrinos with NH and IH. We assume that M 3 M 1,2 so that the RH neutrino N 3 decouples and in turn the R matrix has block structure. The RH neutrino mass M 1 is set to its maximal admitted value M 1 = 10
12 GeV. For a smaller M 1 mass the magnitude of Y ∆B has to be appropriately rescaled. Results for the two different values of δ, δ = π/2 and δ = 3 π/2, and Y ∆B positive are displayed in different line style. Different choices of K R and K ν are considered for the different curves and are indicated with (ij). As one can see, not all these choices lead to a large enough value of the magnitude of Y ∆B . For further details and results for other combinations (ij) see [136] . Case of residual symmetry Z 2 ×CP in neutrino sector. We present a scenario [137] in which a flavor and a CP symmetry determine lepton mixing and the sign of Y ∆B . We choose in the following as G f one of the groups ∆(3 n 2 ) and ∆(6 n 2 ). For details about these groups see [187, 188] . The CP symmetry depends in general on one or two parameters. The residual symmetries are G e = Z 3 and G ν = Z 2 × CP . The basis of G f is chosen in such a way that M e is diagonal. Like in the discussed 
with U R = Ω R ij (θ) K R and m positive. The form of Ω is determined by G ν . The rotation R ij (θ) in the (ij)-plane depends on θ, 0 ≤ θ < π, that is the only free parameter in U R . The RH neutrino masses M k are also unconstrained. Applying the type I seesaw mechanism, we see that the lepton mixing matrix is given by U R and, thus, θ is fixed by the constraint to accommodate the measured lepton mixing angles. The light neutrino masses m i are, like in the A 4 model, inversely proportional to M i , see Eq. (38) . As expected, the CP asymmetries k(α) vanish at this level, because (m † Dm D ) ij = 0 for i = j, and corrections are needed for k(α) = 0. Similar to the A 4 model, we consider the dominant correction δm D to be invariant under G e , the residual symmetry in the charged lepton sector. The form of δm D is then
It is convenient to parametrize the real parts of z 1,2 as Re(z 1 ) = z cos ζ and Re(z 2 ) = z sin ζ, with z > 0 and 0 ≤ ζ < 2 π. In [148, 179] it has been shown that four Table 1 . Prediction of CP phases α, β and δ from ∆(6 · 8 2 ) and CP (s), Ge = Z 3 , Gν = Z 2 (4) × CP (s). K R is trivial [137, 179] .
different types of mixing patterns, i.e. U R , exist and we focus in the following on Case 1) and Case 3 b.1) of [179] . Case 1) predicts only the Majorana phase α to be non-trivial
The integer parameter s characterizes the CP symmetry CP (s) and lies in the interval 0 ≤ s ≤ n − 1. The CP asymmetries k have a very simple form and we find [137] 
and similar expressions for 2 and 3 . This formula shows that the sign of 1 only depends on s, and hence α, and the light neutrino mass spectrum through the sign of the loop function f (x). Furthermore, we recognize that the terms in k have the same structure as the Majorana CP invariants I i , i = 1, 2, 3 (for the definition of I i see [189, 190] ). As shown in [137] , this not only holds for lepton mixing patterns derived from G f and CP, but can also be found if a generic form of the lepton mixing matrix is considered. Case 3 b.1) has a much richer phenomenology, since all CP phases take in general CP-violating values. We focus on the flavor group ∆(6 · 8
2 ) with the index n = 8. The residual symmetry G ν is characterized by two integer parameters m and s, 0 ≤ m, s ≤ n − 1. The symmetry Z 2 (m) is fixed by choosing m = n/2 = 4 such that the solar mixing angle is accommodated well. As a consequence, the sines of the Majorana phases coincide in size and also in sign, if K R is trivial, and they depend only on the chosen CP symmetry CP (s)
Requiring that all three lepton mixing angles agree with the experimental data at the 3 σ level or better, a lower bound on the size of the sine of the Dirac phase δ can be derived
For the admitted values of s, s = 1, s = 2 and s = 4, the CP phases are predicted as in Table 1 Table 1 , the sign of Y ∆B changes accordingly, i.e. for CP (2) positive Y ∆B is achieved for small m 0 , m 0 4 × 10 −3 eV. For the choice CP (4) in which both Majorana phases are CP-conserving, while the Dirac phase δ is maximal, j the sign of Y ∆B cannot be predicted, since it is proportional to sin 2 ζ at leading order in κ, i.e. it depends on the relative sign of the real parts of the parameters in δm D .
Flavored leptogenesis can also be considered in a scenario in which residual flavor and CP symmetries constrain the neutrino sector, as mentioned in [137] and studied in more detail in [146] .
Predictions for neutrinoless double beta decay
One combination of the Majorana phases can be tested in 0νββ decay. The effective Majorana mass |m ββ | depends on the CP phases α and β ( ) , the light neutrino masses, and the solar and reactor mixing angle, see Eq. (16) .
In the example of µ−τ reflection symmetry in the neutrino sector and a diagonal charged lepton mass matrix both Majorana phases are CP-conserving. In such a situation both, minimal and maximal, attainable values of |m ββ | for a given lightest neutrino mass m 0 can be obtained, independent of the neutrino mass ordering. These results are shown in Fig. 1 (darker bands) and can also be found in [136] . Note that 0νββ decay experiments cannot distinguish between the CP-conserving scenario and the predictions of µ − τ reflection symmetry, and information on the Dirac phase δ is needed, since in the first case δ is CP-conserving, while in the second one it is maximal.
The approach with a residual flavor and a CP symmetry in the neutrino sector is particularly powerful in constraining |m ββ |, since all CP phases and lepton mixing angles are highly correlated and predicted to lie in a small range, once the free parameter θ is fixed. We use the same flavor and CP symmetry as in the example for unflavored leptogenesis, see Fig. 3 . The numerical values of the CP phases are shown in Table 1 and in Fig. 4 we display the prediction of |m ββ | versus m 0 for neutrino masses with NO and IO for the choice s = 1 [137] . The predictive power of this approach is underlined by comparing the very limited ranges of |m ββ | in this case (darker colors in Fig. 4 ) with the ranges of |m ββ | allowed by the experimental constraints on the lepton mixing parameters alone (lighter colors in Fig. 4 ). In particular, we see that for NO |m ββ | has a non-trivial lower bound and for IO the minimum attainable value of |m ββ | is larger than 0.023 eV. For certain choices of K R we find, indeed, that |m ββ | is close to its upper limit.
Other examples of predictions of the Dirac and Majorana phases as well as of |m ββ | in theories with combined flavor and CP symmetries can be found, e.g., in [149, 181] .
Summary and conclusions
In this chapter we have reviewed the experimental status of neutrino data and future perspectives of measuring CP violation in the lepton sector. We have pointed out how a possible discovery of CP-violating effects in neutrino oscillations and/or the observation of 0νββ decay may reveal a deep connection between the origin of neutrino masses and lepton mixing and the production of the cosmological baryon asymmetry Y ∆B via the leptogenesis mechanism.
We have presented different approaches in order to explain the observed lepton mixing angles with the help of flavor (and CP) symmetries and have shown which predictions for the yet-to-be-measured CP phases δ, α, β ( ) can be made. We have then discussed how such approaches can be implemented in scenarios in which light neutrino masses arise from the type I seesaw mechanism. In these scenarios Y ∆B can be generated via the decay of heavy RH neutrinos. We have shown results for different variants and have elucidated in which ones and how the sign of Y ∆B can be related to predictions for the CP phases δ, α, β ( ) . We have focussed on the type I seesaw mechanism in this chapter. It is, however, also possible to implement the approaches with flavor (and CP) symmetries in scenarios with other generation mechanisms for neutrino masses. In case such scenarios offer a way to generate Y ∆B , flavor (and CP) symmetries can leave an imprint on the results for Y ∆B as well. An analysis of leptogenesis in scenarios with type II [191] [192] [193] and type III [194] seesaw mechanisms and the flavor symmetry S 4 can be found in [195] .
